Semiconductor polariton systems offer a versatile solid state platform to study many-body physical effects such as lasing or superfluidity in out-of-equilibrium systems. They are also anticipated as a new platform for integrated optics: behaving as interacting photons, these mixed light-matter quasi-particles could be the cornerstone of a new technology for optoelectronic devices, implementing logic gates, switches and other functionalities. In this work we demonstrate an electrically controlled polariton laser, in a compact, easy-to-fabricate and integrable configuration, based on a semiconductor waveguide. Interestingly, we show that polariton lasing can be achieved in a system without a local minimum in the polariton energy-momentum dispersion. The surface cavity modes for the laser emission are obtained by adding couples of specifically designed diffraction gratings on top of the planar waveguide, forming an in-plane Fabry-Perot cavity. It is precisely thanks to the waveguide geometry, that we can apply a transverse electric field in order to finely tune the laser energy and quality factor of the cavity modes. Remarkably, we exploit the system sensitivity to the applied electric field to achieve an electrically switched source of coherent polaritons. The precise control that can be reached with the manipulation of the grating properties and of the electric field, provide strong advantages to this device in terms of miniaturization and integrability, two main features for the future development of coherent sources from polaritonic technologies. arXiv:2003.02198v1 [physics.optics] 
INTRODUCTION
A semiconductor system in which a photon emitted from an active medium has a larger probability of being reabsorbed than that of escaping out of the optical resonator, is called to be in strong coupling. This condition translates for the formation of the so called exciton polariton: a light-matter quasi-particle resulting from the hybridization between an electromagnetic cavity mode and an exciton dipole in a semiconductor [1] . Since the first observation [2] , polaritonic systems have become a suitable platform to study fundamental physical phenomena; effects such as optical parametric oscillations [3] , bistability [4] , Bose-Einstein condensation [5, 6] , superfluidity [7, 8] and quantum vorticity [9] are some of the most intriguing phenomena that have been demonstrated. Peculiar features of polaritons such as long coherence time and high nonlinearities are chased for the realization of integrated optical elements [10] . Experimental devices such as polariton transistors [11] and routers [12] have indeed shown their viability for all-optical logic systems. More recently, the generation and manipulation of polaritons at the single or few particles level, have been reported [13] [14] [15] , in an effort to assess the potential of these systems as a platform for quantum information processing.
The so called "polariton laser" [16] is one of the most paradigmatic effects observed in strongly coupled systems. This phenomenon is observed when a phase transition to a coherent state of polaritons takes place above a critical density. It has been demonstrated in systems such as semiconductor, organic or hybrid microcavities [17] [18] [19] [20] [21] [22] [23] [24] and photonic crystal cavities [25] [26] [27] . From this point of view, optical waveguides (WG) represent a very attractive platform for the exploitation of this effect in actual devices, due to an easy technological fabrication, the high quality factors achievable and the particular geometry, suitable for the integration of polaritonic optical circuits and coherent optical sources. A guided electromagnetic mode, localized in the two dimensional plane of the WG by total internal reflection, couples to an exciton which is confined to the quantum well (QW), giving rise to WG polariton modes [28] , in counterposition to the more reknown microcavity polariton modes [1] . We indeed show that, despite the lack of an energy minimum in the WG polariton dispersion, an electrically controlled polariton lasing effect can be achieved even with guided polaritons propagating at high speed.
We use two metal gratings placed on top of the GaAS/AlGaAs slab, that behave like a couple of semi-reflective mirrors, confining the WG polariton mode, and furthermore to outcouple the laser emission vertically throughout one of their diffraction orders. Their design favors the formation of an energy gap in the energy momentum dispersion of the planar WG mode. Inside this energy interval, a manifold of Fabry-Perot (FP) modes is formed by the cavity effect between the gratings, funneling the light absorbed and reemitted by carrier recombinations under the pump spot. The lasing effect is then enabled on a specific polariton mode, i.e., the first mode for which gain equals losses upon increasing pump power. Parameters such as grating periodicity and filling factor as well as the cavity length (i.e. distance between gratings) provide a fine control of the laser properties, without the need for complex postprocessing of the WG. Most importantly, using an electric field applied in the direction perpendicular to the WG plane, we demonstrate real-time tunability of the emission wavelength. We stress that this electrical control is possible only because of the WG geometry, that allows to place the electrodes in close vicinity to the quantum wells. The strong coupling regime and the sensitivity of the exciton to the externally applied electric field allow us to obtain an electrically controlled source of coherent polaritons, realizing electro-switching with ultra-high figures of merit. Based on these findings, the coherent, electrically controlled polaritons source demonstrated here could be an important tool for future polariton circuits, enabling functionalities such as electrical injection, Q-switch lasers, electro-optic modulators and configurable logic gates.
RESULTS
The WG structure is grown on an n + -doped GaAs substrate, on top of which a 500 nm cladding of Al 0.8 Ga 0.2 As was previously deposited. The structure consists of 12 pairs of 20 nm thick GaAs quantum wells (QW) separated by 20 nm of Al 0.4 Ga 0.6 As barriers. Light is extracted through gold gratings spaced by a distance ranging from 50 µm to 150 µm. To realize FP resonators inside the WG, two identical gratings are fabricated facing each other on top of the slab at a given distance along their line of sight (a sketch of the full system is shown in Fig. 1a ). We use gratings with pitch ∼ 240 nm and filling factor comprised between ∼ 0.65 and ∼ 0.72. Finally, a 50 nm layer of ITO is sputtered on top of the sample. This layer, together with the doped substrate in the opposite side, allows for the application of an electric field in a direction perpendicular to the slab plane. The purpose of the electric field is to tune the exciton energy, exploiting the Stark effect, and hence its influence on the polaritonic guided modes. A more detailed description of the structure is given in the Materials and Methods section.
To firstly verify the presence and features of the WG modes inside the slab, we use a non-resonant pump laser which excites the sample outside of the gratings region, while the photoluminescence (PL) spectrum of the system is collected through an individual grating (so no cavity is formed) placed 100 µm away from the off-resonant excitation spot. Figure 1b shows the PL emission coming from the zero-th order Tranverse Magnetic (TM) mode of the structure, while Fig. 1c shows the corresponding emission coming from the zero-th order Transverse Electric mode (TE). The dispersions are plotted as a function of the wavevectror β of the propagating mode inside the slab. The uncoupled bare exciton line (heavy hole exciton) and guided optical modes are indicated by horizontal and oblique red dashed lines, respectively. The experimental polariton dispersion can be fitted by means of a theoretical model of coupled oscillators, as shown by the solid lines in Fig.1b -c. The results show an asymmetry in the Rabi splitting (Ω) between the TE and TM modes. We obtain values of 13.4 meV and 5.2 meV, respectively. As a matter of fact this is predicted by the selection rules for the coupling of the confined modes with the exciton dipole, which imply an Ω value around three times higher for the TE mode than for the TM mode, as it has already been observed in similar samples [29, 30] . The figure also evidences an important difference in the wavevector β spreading between the TM and the TE modes. This linewidth effect is originated by the different grating efficiency with respect to each polarization and it is correlated with the formation of the FP cavity inside the structure, as will be described in detail in the Discussion Section.
After the WG modes, we also characterize the features of the top gratings and their role in forming the the FP cavity. Figure 2a shows the angle-integrated PL emission intensity from the terminal end of a single and very extended, 400 µm-long grating as a function of the emission energy. Both the TE and TM polarization possess a local minimum in the emitted intensities, highlighted by vertical arrows in the figure. These minima represent energy gaps corresponding to wavevectors of the guided modes that are back-reflected by the grating. In other words, each grating acts as a mirror in the energy interval corresponding to the gaps of Fig. 2a and, when two gratings face each other, a planar FP cavity is formed, with a cavity length which depends on the distance L between gratings. The cavity modes are charaterized now thanks to the PL emission outcoupled from one of the gratings when non-resonantly exciting in the middle between the two. Figure 2b shows the PL emission of the cavity modes formed by placing the gratings at distances of L = 50 µm (black upper line), L = 100 µm (middle blue line) and L = 150 µm (lower red line). As expected, the closer the gratings to each other, the larger the free spectral range. In the case of the gratings separated by 50 µm the modes spacing is ∼ 2.3 meV that corresponds to the FP mode of manifold 17. For the case of a pair of gratings separated 100 µm, the spacing is ∼ 1.4 meV (manifold 30) and for the gratings separated 150 µm the spacing is ∼ 0.9 meV (manifold 45). These FP modes, which arise from the confinement of the TM guided mode, are directly related to the interaction of the field with the diffraction grating. In fact, the TM dispersion changes considerably The opening of two bandgaps is highlighted by the vertical arrows. b Fabry-Perot modes registered in cavities of different length, determined by the distance between the gratings. As expected for an optical cavity, the smaller the cavity, the greater the free spectral range at a given energy. The spectral distances of 2.3 meV for the cavity of length 50 µm, 1.4 meV for the cavity of 100 µm and 0.9 meV for the cavity of 150 µm, are associated to FP modes of manifold 17, 30 and 45, respectively. when extracted through a much less perturbative grating fabricated on a 50 nm layer of ITO on top of the slab, instead of being in direct contact with the WG (Fig. S2 ). We attribute both the strong effect of the grating on the TM mode, and the wider energy gap respect to the TE mode ( Fig. 2a ), to a plasmonic contribution due to geometry reasons. The grating is composed of gold nanowires about 174 nm wide; for this structure, a well known plasmonic modulation of the refractive index for the TM polarized electromagnetic field takes place in the near infrared [31] [32] [33] .
We have till now characterized all the three building blocks (namely the WG modes, the gratings and the planar cavity), which are mandatory for the observation of the waveguiding lasing effect. We can hence shine a high peakpower non-resonant laser in a region between the two gratings, in the specific we use a 100 fs pulsed laser tuned at 1.59 eV (≈ 780 nm) and 80 Mhz repetition rate, with a spot size of 40 µm. Figure 3a shows the PL emission in real space at threshold excitation power. The big spot between the gratings corresponds to the exciton emission under the pump spot which is not coupled to the guided modes. The excited guided polariton modes propagate along the slab with in-plane vector β and are partly extracted and partly reflected back in the plane when they hit the gratings, highlighted by white rectangles. The PL emission extracted from grating 1 can be resolved in both energy and momentum ( Fig. 3b) . Remarkably, such emission shows a series of discrete peaks along the TM polariton dispersion corresponding to the FP modes of Fig. 2b . In other words, in the region of space comprised between the two identical gratings, a FP cavity is formed, sustaining the discrete modes observed in Fig. 3b . With increasing pump power, as shown in Fig. 3c -d, the system shows a clear threshold behaviour (see inset of panel d) with prominent coherent emission from only one of the FP modes. When the light from the two gratings is overlapped in k space, an interference pattern is generated ( Fig. S3a ). Moreover, a strong reduction of the linewidth of the FP mode is observed across the lasing threshold ( Fig. S3b ). The threshold and linewidth effects are clear signatures which mark the onset of the lasing regime in the system. We gain an even better insight into the laser emission build-up, upon accessing the temporal dynamics of the process by means of a streak camera coupled to a monocrhomator and a scan in the reciprocal space. The energy momentum dispersion resolved at different time frames of the dynamics is shown in the Supplementary Video 1 and discussed in the Supplementary Material, along with a detailed screenshot in Fig. S4 . In this case the pump spot is placed between the two gratings and the emission from one of the gratings is recorded. The maximum population in the laser mode is reached 200 ps after the pulse arrival. Taking into account that its group velocity, deduced as the first order derivative of the energy dispersion from the theoretical fit of the measured dispersions, is around 55 µm/ps, it is possible to conclude that the stimulated emission process requires a few hundreds of round trips of the initial pulse inside the cavity before reaching the stimulated emission regime. In the supplementary Video 2 we show the dynamics of the system measured under the pumping laser, by placing its spot on one of the two gratings and imaging the emission from both (see Fig. S5 for the experimental details). Supplementary Video 2 shows that under the pumping spot the strong exciton-photon coupling is lost when the excitation pulse arrives, essentially due to the high density of photo-generated carriers, and then is slowly recovered after the lasing action is over. The system is excited at threshold, which explains why several FP modes are still visible. On the lower part of the image, the TE polariton mode is also visible however this mode comes from the grating at the opposite side of the excitation spot, thus always in the strong coupling regime. Two screenshots taken from the video are reproduced and detailed in the Supplementary Material, Figs. S4 and S5.
Finally, we can now apply an external electric field perpendicular to the plane of the slab, demonstrating an extra degree of freedom acting as an additional control parameter on the WG polariton lasing. Figure 4a shows the spectra obtained from the TM polariton dispersion at β ≈ 25.8 µm −1 and for different applied voltages. The TM dispersion is modified due to the Stark effect that red-shifts the exciton energy, providing a tool for a fine tuning of the laser energy in real time. In Fig. 4b -c we measure the central emission energy and the linewidth of the lasing mode for three different applied voltages and as a function of the pump power. For small applied fields (≤ 0.9 V), a red-shift of the lasing mode is observed. When the applied electric field is further increased (> 0.9 V), the exciton energy approaches the cavity modes, more largely altering their absorption properties, and hence, their relative losses. As a matter of fact, Fig. 4d shows that for an applied voltage of 1.5 V, the mode in which the stimulated emission takes place jumps to the next manifold. Both spectra of figure Fig. 4d are taken at threshold power. The applied electric field acts in this case as a neat switch that allows to select the mode in which the lasing takes place. While at low voltages the electric field provides a fine control over the laser central energy, at higher fields a further increase in the intensity allows for abrupt changes of the lasing line, by modifying the FP modes relative losses. The inset of Fig. 4d shows the evolution of the linewidths of the two lasing peaks upon application of the electric field. Indeed the switch between the lasing modes also coincides with the crossing of their linewidths. The TM mode is reconstructed in the Fourier space by spatially isolating the PL from grating 1. The insertion of the gratings entails an additional confinement, and hence, the formation of discrete modes along the TM dispersion, as it can be observed in the image. c When the pump power overcomes the threshold, one mode of the cavity gets massively populated, reaching an emission intensity much higher than any other emission in the system. d the PL dispersion measurement (measured as in b) confirms which state of the FP cavity gets populated. The inset in d shows the intensity of the lasing mode as a function of the pumping power; a clear threshold behaviour is visible.
DISCUSSION
We demonstrated the design and realisation of a micrometer size laser in a GaAs/AlGaAs polariton-WG by using two metallic gratings at controlled distance on top of the slab WG, in order to form a FP cavity that confines the photonic field in one dimension. To better understand this effect, we calculate the influence of the grating on the guided modes by using a perturbation formalism to study the coupling between counter-propagating modes [34, 35] . For a WG grown in the x direction, and with modes propagating in the z direction, the magnetic field H(x, z, t) of the m th TM mode, can be expressed in case of an infinite slab in the y direction (i. e. d/dy = 0) as:
Where H(x) is derived from the corresponding wave equation and boundary conditions. A more detailed explanation, based on ref. [36] is included in the SM. The fabrication of a grating with periodicity Λ on top of the WG acts as a perturbation that changes the effective in-plane momentum of the m th mode as:
With β m the in-plane momentum of the unperturbed m th mode, l an integer number such as |β m − lπ Λ | ∼ 0 and κ a constant that depends on the grating periodicity and material, and the spatial profile of the transverse field. In the case of a square grating fabricated on top of the slab, with filling factor a, height h and refractive index n g , the constant κ takes the form
This expression indicates the existence of an energy gap in the guided mode dispersion in the region covered by the grating when |κ| 2 > β m − lπ b and c To verify that the presence of a transverse electric field does not affect the properties of the lasing effect, we verify the central energy shift (b) and spectral narrowing (c) for three applied voltages. The results not only confirm the lasing effect in every case, but show that the electric field acts as a fine tuning of the laser energy for small voltages through the Stark shift of the exciton, and as a switch that allows to select the cavity mode in which the lasing will take place. The latter effect is achieved as a consequence of a modification of the relative Q factor of the cavity modes, since the exciton resonance affects the absorption at the energy of the lasing FP mode. d Spectra of the cavity taken at threshold power without any transverse electric field (black) and with an applied voltage of 1.5 V (blue). The modes energy is almost unaltered, but the change of their absorption properties switches the mode in which the stimulated emission takes place. The inset shows the FWHM of each peak as the applied electric field increases. When the quality factor of peak 1 decreases below the one of peak 2, the lasing effect takes place on peak 2.
field hybridizes, the in-plane linear momentum of the TM guided mode lies in the range (25.6 µm −1 < β m < 26.3 µm −1 ), as observed in Fig. 1b . For a grating with a period of Λ = 243 nm, the condition β m − lπ Λ ∼ 0 is satisfied for l = 2. The expressions 3 shows that, for l even, κ differs from zero only for filling factors different than 0.5. Moreover it is also evident from the expressions that for l = 2 the maximum gap's amplitude is obtained for a filling factor either 0.25 or 0.75. In our case, we fabricated gold gratings with filling factor close to 0.75 to maximize the coupling between propagating and counter-propagating modes and hence their reflectivity, whose calculation is shown on the left side of Figs. 1b and 1c . In summary, by engineering the parameters of the metallic gratings pairs such as relative distance, periodicity and filling factor, we obtain a fine control of the system's properties without the need for any modification in the slab WG.
It is worth noting that the blueshift of Fig. 4b cannot be simply associated to polariton-polariton interactions, since the exciton energy remains almost unaltered when the pump power is increased. It rather might depend on a local carrier-induced reduction of the WG's refractive index [37] , due, for example, to the plasma generated by the optical pump pulse, i. e., a plasma induced transparency [38, 39] or to the band filling effect. Such effects can be especially relevant in the spatial region below the pump spot. An estimation of the minimum index change necessary to account for the observed blueshift with increasing pump power can be done by considering that the i th mode of the resonator has energy E i = i h·c 2Ln , where L is the cavity length, given by the distance between the gratings, n its effective refractive index, h the Planck's constant and c the vacuum light speed. The data shows a saturation behavior compatible with such explanation, with a reduction of only 10 −4 in the refractive index. Figure 4c shows the linewidth for different pump powers and voltages. The observed spectral narrowing at threshold is expected and it is associated to the fact that the coherence time of the system exceeds the radiative lifetime of the confined mode under these excitation conditions [17] . Based on the complex temporal dynamics that we observe in the Supplementary Videos 1 and 2, we can explain the laser build-up in the following way. When a pump pulse arrives in the region between the gratings, a spatially localized population inversion is created. Part of the energy coming from the carriers recombination is injected into the guided polaritonic modes and funneled into the FP modes formed by the two gratings (see Fig. 3a ). Among the several FP modes in which light is injected, the first to realize the balance between gain and losses reaches the lasing threshold and becomes massively populated (Fig. 3b ). In the polariton laser we report here, a spatially localized population inversion is formed and coherently populates a guided polariton mode outside of the pumping region. In fact, as the two videos and related figures S4 and S5 show, in our WG a spatially localized weak-coupling region coexists with a strongly coupled mode away from the pumping region. This scheme gives rise to a source of high-speed coherent polaritons. We note also that recently a polariton laser effect has been claimed at both cryogenic and room temperature in ZnO based WGs [40] . In that case, the polariton emission has been interpreted as a standard polariton laser without need for a population inversion. While this interpretation can be supported by the large Rabi splitting observed in ZnO systems, our present work shows that in guided polariton systems an alternative interpretation can explain the same features. Moreover the absense of a blueshift in case of Ref. [40] could be also compatible with a refractive index change in the region between the two cracks. A careful check of the dynamics both below and outside the pumping region is essential in this kind of systems to better clarify the lasing mechanism involved. We also exploit the application of a transverse electric field as a fine real-time tuning of the emission energy or as a switch to select the confined mode on which the stimulated emission takes place. As it is shown in Fig. 4b , when the applied electric potential is smaller than 1V, a small red-shift of the lasing mode is observed. This effect is mainly due to the Stark shift of the exciton, which slightly increases the refractive index at the energy of the FP modes. Moreover, when the exciton energy approaches the lasing mode, the losses due to excitonic absorption increase. This mechanism is responsible for the switching of the lasing mode shown in Fig. 4d . In this case, excitonic losses at 1.5 V modify the quality factor of the modes and the first mode to lase is different from the 0 V case. This interpretation is confirmed by studying the FWHM of the two peaks, shown in the inset of the figure. As the applied electric potential increases, the linewidth of the peak lasing at 0V (Peak 2) increases until it becomes larger than the linewidth of the peak lasing at 1.5V (Peak 1). The application of the electric field is then equivalent to an external control of the quality factor of the FP modes and it allows the selection of the lasing mode.
In summary, we report a lasing effect providing a coherent source of high-speed, guided polaritons. The additional optical confinement necessary to achieve the laser emission is provided by placing two specifically designed gold gratings on top of the WG. It is worth to note that this design is versatile, easy-to-fabricate and does not require complex post-processing of the WG, such as vertical selective etching. Most important, thanks to the WG geometry, we demonstrate an effective electrical control of the vertical laser emission. Remarkably, by electrically tuning the quality factor of the modes, we obtain an electrically switched polariton laser. This effect could be exploited for the realization of electrically Q-switched sources of polaritons. More generally, the lasing effect we report in this work would allow the construction of tunable, micrometer-size coherent sources of polaritons with different properties in a single wafer of slab WG. These kind of optical sources could be valuable in polaritonics especially in the development of polaritonic circuits and integrated polaritonic logic elements.
MATERIALS AND METHODS

Waveguide sample
The full structure is grown on top of an n + -doped GaAs substrate 500 µm thick. The cladding layer is made of 500 nm of Al 0.8 Ga 0.2 As, while the WG is composed by 12 bilayers of Al 0.4 Ga 0.2 As (20 nm thick) and GaAs (20 nm thick), and a final bilayer made of 20 nm of Al 0.4 Ga 0.2 As and 10 nm of GaAs.
Fabrication of gold gratings and deposition of ITO In order to fabricate gold gratings onto the sample we relied on a lift-off process. The designed gratings are 100um long, 50um wide and they are characterised by a pitch of 243 nm. The gratings are grown with a length of 100 µm. Their production requires a positive e-beam resist PMMA A4 to be spun at 4000 rpm onto the sample and baked for three minutes at 180 • C. The latter is then exposed using Raith150 and developed in MIBK:IPA 1:3. Subsequently, 3 nm of chromium and 30 nm of gold are thermally evaporated. The sample is placed in Remover PG at approximately 80 • C to remove the resist. In closing, the electric contact is obtained by uniformly sputtering 50 nm of Indium Tin Oxide (ITO) on top of the sample; the gold grating results completely covered in the end.
Optical measurements For all the optical characterization the sample is kept at cryogenic temperature of 4 K. All the PL measurements are realized in a confocal configuration, using a 100 fs pulsed laser with a repetition rate of 80 MHz, tuned at 1.59 eV (≈ 780 nm) to excite the sample out of resonance. The detection system allows to reconstruct either real or Fourier spaces in a Charge Coupled Device (CCD) coupled to a monochromator 70 cm long with a diffractive grating with either 600 or 1800 lines per mm. This way it is possible to perform measurements resolved in space, angle and energy. An image of the real space is reconstructed before the CCD in order to apply a spatial filter by using a slit, enabling the selection of one or both gratings. The residual laser signal is suppressed with a long-pass spectral filter at 1.55 eV (≈ 800 nm). The time resolved images are performed in the same configuration, but directing the signal into a streak camera after passing the monochromator. The temporal reconstruction of the far field resolved in energy is made by moving vertically the focusing lens with a motorized station before it reaches the streak camera. i
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CALCULATION OF WAVEGUIDE MODES PROFILE AND GRATING COUPLED MODE ANALYSIS
The spatial profiles of the magnetic field (H) for the TM mode were calculated analytically according to the method illustrated in Ref. [36] . For an asymmetric waveguide of refractive index n 2 > n 3 > n 1 defined in the spatial range −t < x < 0, with modes propagating in the z direction and infinite in y, H can be written as:
Where the constants q, p and h are chosen in order to satisfy the boundary conditions of the magnetic and electric fields and the wave equation for the electric field. The constant C, instead, depends on the field's intensity. The exciton resonance in the quantum well is taken into account by using a model of Lorentz oscillator [? ? ], in which the permittivity is given by:
Where ∞ is the background dielectric constant, ω ex is the resonant energy, γ is the damping rate, and ω LT is the longitudinal/transverse splitting.
The insertion of a grating of refractive index n g , height h and pitch factor Λ on top of the slab waveguide, can be treated as a perturbation of the polarization vector that couples a propagating mode with a counter-propagating one, by using the coupled-mode theory [35, 36] . In our case, the perturbation is a periodic binary modulation of the refractive index, so it can be expanded in the Fourier basis as:
If a Fourier component a q of the grating's spatial function is comparable with a guided mode's wave-vector, i. e., if β s ≈ lπ/Λ, the grating will couple the propagating mode with a counter-propagating one with opposite wave-vector, following the behavior given by the equations system:
Which can be written in a synthetic way as:
Where |A + (z)| 2 and |A − (z)| 2 are the transverse field's intensity of the propagating and counter-propagating modes, respectively, at the position z. and the constants ∆β, and κ are given by:
ii FIG. S1. a) SEM image of a representative gold grating in the structure. It is characterized by a pitch of 243 nm and a filling factor of 0.72. b) The dispersion under the grating region is perturbed, and, as a consequence, an energy gap appears in the guided mode, which implies that the grating acts as a semi-reflective mirror for those energies.
EFFECT OF THE GOLD GRATING ON THE TM POLARITONIC MODE
As a consequence of the periodic modulation of the refractive index, an energy gap centered at ω(β s = πq/Λ) is generated. As illustrated in the main text, we use gold gratings 30 nm high with a filling factor comprised between 0.65 and 0.72 and a pitch of 243 nm. Fig. S1a shows a SEM image of a representative grating in the system, while the panel b of the same figure displays the dispersion relation calculated according to the method illustrated above. The existence of this gap implies that the grating acts as a semi-reflective mirror for the energies in the gap. Figure 1 of the main text shows that the TM mode is broader than the TE mode, i.e., it is extracted with a lower angular resolution. To verify that this spread is not an intrinsic property of the waveguide, but rather a consequence of the interaction of the TM mode with the gold grating, the PL experiment is replicated, but this time, extracting the signal from a grating on top of the ITO, i.e., a less perturbative grating. As evidenced in Fig. S2 , in this case both modes have comparable linewidths. This indicates that the broadening of the TM mode is a consequence of its interaction with the grating fabricated on top of the slab. It also indicates that the grating is much more perturbative for the TM mode than for the TE, in spite of the fact that the interaction is exclusively through the vanishing tail. As discussed in the main text, the stronger effect on the TM mode with respect to the TE, can be due to several effects such as a plasmonic resonance of the nanowires composing the grating or the proximity of the band gap to the excitonic resonance, the TM gap being closer to the energy range where the PL is more intense.
A direct measurement of the energy gap introduced by the gratings is done by extracting the PL through a grating 400 µm long, covering its first 100 µm with a mask in the near-field as it is described in the main text. Figure S3 shows two main properties of the polariton laser demonstrated in this work. Figure S3a shows the full width at half maximum (FWHM) of the lasing mode as a function of the pump power (see also Figure 4 of the main text). The FWHM is reduced when the pump power is increased and it reaches a minimum just above the lasing threshold. This behaviour is well known in sistems showing polariton lasing and it is explained as an increase of the coherence time above the lifetime of the polariton mode. At higher powers, a small increase of the FWHM is observed, which can be due to polariton-polariton and polariton-reservoir interactions. Figure S3b shows the overlap in the k space of the light emitted by the two gold gratings above the lasing threshold. The interference pattern is an hallmark of the first order coherence of the emitted laser light. FIG. S3. a FWHM of the lasing mode upon increasing the pump power. A reduction in the linewidth at the lasing threshold is clearly visible. b Overlap in k space of the laser emission coming from the two gratings. The interference pattern results from the overlap of two coherent beams emitted by the two gratings.
PROPERTIES OF THE LASER EMISSION
TEMPORAL DYNAMICS
In this section we describe two screenshots from Supplementary Video 1 and Supplementary Video 2 and detail the way they are recorded. Each video is obtained from a k-space scan: for each k several hundreds of temporal series are acquired by using a streak camera. The set of data is then post-processed to obtain the temporal dynamics shown in the video. In other words, the data are grouped to obtain, from the intensity as a function of energy and time at a fixed k, the intensity as a function of energy and k a fixed time. The video are then obtained as a temporal series of such Intensity vs energy and k images. Figure S4a show a screenshot (τ ≈ 260ps) from Video 1. The data are acquired at an excitation power close to threshold and a series of lasing modes is still visible. The mode are in TM polarization, i.e. the polarization for which the two gold gratings act as mirrors in this configuration. Figure S4b shows the experimental configuration used to acquire the data of S4a. The pump spot (P) is placed between the two gold gratings G1 and G2 and the light is collected from the grating G2 only (black dashed line). threshold and a series of lasing modes is still visible. In this case the light is collected from the whole cavity and the overlap in the k space produces an interference pattern. The discrete modes are in TM polarization, i.e. the polarization for which the two gold gratings act as mirrors in this configuration. Figure S5b shows the experimental configuration used to acquire the data of S5a. The pump spot (P) is placed on grating G1 and the light is collected from the whole cavity (black dashed line). Interestingly, under the pumping spot the strong coupling is initially lost then slowly recovered. On the contrary, in the region of the sample corresponding to G2, i.e. far apart from the pump spot, the mode is always in strong coupling. See for instance the TE dispersion on the bottom, coming from G2. The data shown in S4 and S5 strongly suggest that the lasing effect we report here is triggered by a spatially localized population inversion (under the pump spot) coherently populating a manifold of polariton modes.
APPLIANCE OF AN ELECTRIC FIELD
The effect of the electric field is the energy shift of the exciton peak by means of the Stark effect. As illustrated in Fig. 4a in the main text, the electric field shifts the excitonic resonance towards the modes of the Fabry-Perot resonator. As the exciton gets closer, the absorption, and hence, the quality factor of each mode is affected. At a voltage of 1.5 V the exciton peak is overlapped with the Fabry-Perot mode, increasing noticeably the absorption at this energy, and hence, reducing drastically the quality factor of the mode. Fig. S6 shows both effects. On the one hand, for applied voltages of 0.4 V and 0.9 V there is a shift of 0.02 meV and 0.12 meV, respectively. This demonstrates the possibility of a very fine tuning of the laser energy with the applied field. The spectrum corresponding to the highest applied field (1.5 V) shows how the change in the absorption peak affects the quality factor of the confined modes, inducing a spectral jump in the lasing energy, and hence, opening the possibility to use the applied electric field also as a switch to choose the desired lasing mode. v FIG. S5. a Screenshot from Video 2. This time the laser spot (P) is placed on one of the two gratings (G1) and the light is collected from both (black dashed line). The excitation power is here close to the lasing threshold and the overlap of light from the two gratings produce the interference pattern visible on the lasing modes. It is evident that the lasing starts to build-up when at least a spatial region of the sample (under the pumping spot) is in weak coupling. On the contrary, far apart from the pumping region the guided modes are strongly coupled with the exciton as it is shown by the TE dispersion coming from G2 (bottom of the screenshot); b Scheme of the configuration used to obtain the data in a. The pump spot (P) is placed on one (G1) of the two gold gratings defining the F.P. cavity (G1 and G2). The light is collected from both gratings (black dashed line).
FIG. S6. By zooming the region of the cavity modes it is possible to identify the variations in the energy of the lasing mode (indicated by the vertical lines) for the different applied voltages. In the cases of 0.4 V and 0.9 V, the variation is small (0.02 meV and 0.12 meV, respectively), while in the case of 1.5 V there is an overlapping of the exciton with the bluest cavity mode; in this case the polariton lasing effect takes place in the consecutive one.
